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STUDIES ON THE P-V-T RELATIONS OF FLUIDS AT HIGH PRESSURE I
The Compressibility of Ammonia
BY KAORU DATE
   Thecompressibili[yfoctors of gaseous and liquid ammonia have been mea-
sured within an error of 0.2% under the following conditions: gaseous ammonia; 
25, 30, 75, 100 and 12~ C, up to the vicinity of each saturated vaporp ressure by 
the constant volume method, liquid ammonia; 25, 50, i3, 100 and 123'C, from 
each saturated vapor pressure to 500 atm by the variable volume method. 
   For gaseous ammonia, the results x•ere nlso presented is the power series of 
density and pressure respectively and the second virial coefhcienis were com• 
pared with those calculated by the equations given by other workers.
                                  Introduction 
   The P-V-T relations of Ruids at elevated pressure are the most basic and important among the 
various properties of fluids. Therefore, they have been measured by many investigators for many 
kinds of fluids at various pressures and temperatures. Tn spite of their valuable works, the precise 
experimental values of the P-V-T relations of fluids are still required in the present, for many pure 
substances and their mixtures over the wide pressure and temperature ranges, with the theoretical 
development and the practical requirements. Especially, since the P-V-T relations of polar Ruids and 
of the mixtures containing polar fluids have not been so much treated experimentally, the theories for 
them have not been proved sufficiently and the estimations of them have some uncertainties in the 
present. 
   To study the P-V•T relations of Ruids at high pressure, the compressibilities of some nonpolar 
gases and their mixtures were measured in our previous worksl~a>. To extend these experimental in-
vestigations, the measurements of the P-V-T relations of polar Ruids at high pressure were planned and 
5rst the values of the P-V-T relations of ammonia were measured at several temperatures in the range 
from 25 to 125`C and at pressures up to SOOatm.
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                                    Experimental
 bfethod for gaseous ammonln 
   The measurements were made by the use of the constant volume type apparatus. The schematic 
diagram of the apparatus is shown in Fig. 1 and the cross-section of the high pressure gas piper (:\ in 
Fig. 1) in Fig. 2. 
   The apparatus can be divided into tsvo main parts. One is the high pressure system (steel-tubing 
side in Fig. t) in which the P-T'-T measurements forcertain amount of gaseous ammonia re made at 
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A: High pressure gas pipe[ 
C : Thermostat 
E : Oil injector 
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B: Sample cylinder 
D: Pressure balance 
F: Pilot lamp 
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L: Vacuum pump 
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 Fig. 2 High pressure gas pipe[ 
     A: Insulated electrode 
     B : ]Iercury 
     C: Bellows 
      V: Valves
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the desired conditions. Another is the law pressure system (glass-tubing side in Fig. I) in which the 
molar quantities ofammonia employed above are determined from the measured values of P, V and T 
in the expanded state near to I arm. 
   The operations are. as follows: After evacuating su6sciendy the high pressure gas piper (.9), which 
has the known volume b, through the valve (V,,), (V3) is closed and then the sample ammonia sintro-
duced slowly from the sample cylinder (B}into the pipe[ up to some desired pressures. Simulta¢eously, 
the oil pressure inthe steel-tubing is raised by handling the oil injector (E) and it is balanced with the 
pressure ofammonia inthe piper. 
   As shown in Fig. 1, thepiper ha; Che stainless-steel bel ows (C) filled with mercury (B), the capi]-
lary and the insulated electrode (A). The sample gas is separated from the pressure-tra¢smitting oil by 
the bellows and mercury. If [he pressure ofthe sample gas in the pipe[ is slightly higher than the oil 
pressure inthe capillary, then the bellows i  contracted with high sensitivity and the mercury ispushed 
up in the capillary to touch the lower end of the electrode. If the pressure ofthe sample gas is slightly 
lower than Che oi] pressure, [be contact between the mercury and the electrode breaks off. Tbi; make-
break of the contact takes place with very small presure difference b tween both sides of [he bellows. 
So the pressure balancing state can 6e detected very sharply by the use of the electronic circuit which 
was reported previously indetail•tl. 
   When the pressure change of the sample gas in the piper becomes too small to he detected, it is 
admitted that he temperature of the sample gas comes to equilibrium with the temperature of the oil 
thermostat (C). Then the pressure of the sample is measured by the use of the pressure balance (D) 
and the temperature of the sample isdetermined to be equal to the temperature of the thermostat which 
is measured by[he mercury thermometer. After that, opening the valve (Vc) very slowly, the sample 
gas in the pipe[ is expanded into the low pressure system which was evacuated previously to one 
hundredth millimeter ofmercury. 
   The low pressure system is composed of seven glass cylinders (G) having the known volume of 
about 300.. 500 or I,000cros (total volume is about. 7,000 tms), the mercury manometer (H) and the 
connecting capillary having the inner diameter of2 millimeters. It is set up in the water thermostat 
(R) kept mp;tant at 23`C. The pressure of the expanded sample gas in the low pressure system is 
determined bythe use of the cathetometer by measuring the height of mercury in the manometer (H). 
   By the operations mentioned above, the compressibility factor Z may be obtained as follows: 
                    Z nRTr, 
                     with P=PrtPz+dP, 
                                  Ps v~+dys ZzTz vs                        i~=R ~ Z,Ts + vs +ZsT~, 
   4) T. Toriumi, K. Date and H. Iwasaki. BudC. Chenr, Research Inclihde aJ ePon-AgaeMis Sokatfons, Tohokv 
      CTniv., 10, 263 (1961)
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where P : the absolute pressure ofthe sample [arm], 
      P,: the pressure ading of the pressure balance [atm], 
      Pa: the atmospheric pressure (atm], 
      Pa: the expanded sample gaspressure [arm], 
     dP: the pressure difference betweeni - and out-side of the bel-
         lows [atm], 
 T,, Tz. Ta: the temperatures of the sample in the pipe[, the glass cylin-
         ders and the connecting capillary, respectively [K], 
 Z,, Zr, Za: the compressibility factors of the sample at pressure Pa and 
          at temperatures T,, T_ and Ta, respectively', 
      v,: the inner volume of the pipe[ at50°C and 1 atm [cm'], 
      vP: the volume of the glass cylinders and the gas phase in the 
         left tube of the mercury manometer (H) [cm'], 
      va: the volume of the connecting capillary[cm'], 
     dv,: the change involume of the piper due totemperature change 
        from 50°C to Tr [cm'], 
     dvz: the change in volume of the pipe[ due to pressure change 
        from 1 a[m to P [atm], 
      n: moles of the sample gas, 
      R: gas constant, 82.0567rt0.0034 [tm'-arm/mol•deg].
   Precision on the measurement: The pressure P, was obtained by the measurement with the free-
piston type pressure balance which was previously reported in detail+>. 
   The pressure balance was calibrated within the error of 0.02% by the use of the standard mer-
cury manometer. The atmospheric pressure Pa was obtained by the measurement with the For[in type 
barometer to the accuracy of O.ImmHg. 
   The expanded gas pressure Ps was obtained to measure the height of the mercury manometer (H) 
within the error of 0.05 mmHg by [be use of the cathe[ometer of 1 meter long. The pressure-difference 
detector composed of mercury, bellows and electrode was found to be sensitive within apressure-
difference of 0.001 arm and to be reproducible within apressure-difference of 0.01 arm by the test 
connecting two mercury manometers tothe tubings both inside and outside of the bellows. 
   As shown in Fig, 2, the high pressure gas pipet is composed of 18-8 stainless-steel cylinder which 
bas 40cm' of inner volume, two vanes for in- and outlet of the sample and the pressure difference 
detector. The tips and the seats of the spindles of the valves were made of hardened tool steel, so that 
the volume change of the pipe[ would be negligibly small in the transformations of these parts. 
   The inner volume of the pipe[ v, was determined within an error of 0.10% by the operation as
s)
These values around 1 atm were estimated by the use of the experimental equations given in the 
previous papers> and used in this work. 
K. Date and H. Iwasaki, Annual Report of the Asahi Gkss Foundation Jor tke Confrrbidion to Indurbio! 
TecGnology, tl, 65 (1965)
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follows. The high pressure gas, of which [he compressibility factor is accurately known, is introduced 
into the pipe[. Then; its P-V-T relations are measured is the same operation on [he measurement of 
the compressibility factor for ammonia gas. Thus [he volume vt can be calculated using these data. In 
this work, it was determined at temperatures 50 and 100'C and pressures up Co IOO atm using 99.99/ 
pure nitrogen*. It resulted that dv~, the change in volume of the pipe[ with the pressure change from 
1 atm, was negligibly small up to 100atm. The vabaes of dv~ (the change in volume of the pipet with 
the temperature change from 50'C) at 25, 75 and 125`C were determined to inter- and extrapolate the 
experimental values of dvr at iD and ]00'C in regard to temperature. 
   The volume I'e can 6e calibrated seperately to divide into three parts, namely, the volumes of 
glass cylinders, the volume of gas phase in the left ]eg of mercury manometer (H) and the volume of 
[he connecting capillary. First, the volume of each glass cylinder was calibrated to measure [he weight 
of the water which was filled is the cylinder at a constant emperature. They were determined far 
3001--0.02 to 1,000-1-0.08 cm' respectively, that is; within an error of 0.01 /. Second. the volume of 
gas phase in the left leg of the manometer (0 to GOcma) was calibrated in an error of 1-O.Olcma to 
measure the weights of mercury filled in the leg on which the scale was marked. Last, some amount 
o[ nitrogen filled in any glass cylinder at known pressure and temperature was expanded into the con-
necting capillary which was ecacua[ed previously, and its pressure change w•as measured. Then, the 
volume of the connecting capillary was determined for 14.50±0.2 cm' by the calculation to make use 
of their values of the pressure change, the temperature and the volume of the glass cylinder. 
   The temperatures of each thermostat and the connecting capillary. T,, T, and T3, respectively, 
were measured to O.OI°C by the mercury thermometers which were calibrated witbin the. errors of 
0.03`C in 0 to 50`C range, 0.04°C in 50 to 100'C range and D.OS°C in 100 to 150`C range at the National 
Research Laboratory of Metrology. Measuring the temperatures a[ several positions in both thermostats 
by the high sensitive thermistors, it was assured that their temperatures were constant and uniform 
within 0.01`C throughout this experimental work. 
   In the facts mentioned above, it is believed that the compressibility factors for gaseous ammonia 
would be obtained experimentally by this apparatus and operation within an error of 0.2y in maxi-
mum, calculating from the above errors which were accompanied with the experimental pressure, 
volume and temperature values. 
 Method for liquid ammonia 
   In the case of the measurement of the compressibility factor or the specific volume for Liquid 
ammonia, the appazatus and method of the variable volume type are more suitable than the constant 
volume Cype. In this method, the compressibility factor or the specific volume for any liquid sample 
is determined to measure the pressure-volume r lations for any known amount of the sampe at the 
    * In our previous works. the comressibility factors of nitrogen were measured at50 and 100'C and up 
      to 100atm by the variable volume method. It was shown that these values also agreed well with the 
      values giaen by Dlichel sa rl. They mere then used for the calibration of the pipe[ volume in this
       work. 
    6) A.Michels, H. Wuoters and J. Del3oer, Physfca, 1 587 (1934) 
    7) J• Otto, A. Dlichels and H. Wouters, Ppys. Z.. 35, 97 (1934)
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known constant temperature in principle. In [Lis study. thi method was then adopted and the piezo-
meter shown in Fig. 3 was made for the mew urement of P-F-T relations for liquid ammonia. As shown 
in Fig. 4, the whole apparatus is composed of the piezomi'.ter in the oil thermostat connected with the 
part fur measuring the pressure of the sample (shown as steel-tubing side) and with that for measuring 
the amount of the ammonia sample (shown as glass-tubing side).
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                    \f: Vacuumgage
                     R: Mercury manometer
                  T: Depth gage
   1'he Piezometer consists of [he 18-8 s[ainL 
tool steel piston (A) h:n•ing the screw rod and 1 
detector as that in the measurement for gaseous
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    Teflon rings containing 30% glass-fiber by weights were used for packing between the piston and
the cylinder and they were set so well that the inner volume change of the piezometer by the trans-
formation of the pacling n•ould be negligibly small. The mowing distance of the piston stroke (200 mm 
in maximum) was measured within an error of 0.02 mm by the depth gage (iced on [he top of the screw 
rod. The inner volume of the piezometer f om li to 33cros can be changed by mowing the piston up 
or down to change its position against he cylinder. The relation between the inner volume of the 
piezometer and the positions of the piston was determined by the calihration described later. The parts 
of the apparatus for measuring both the pressure and the mass of the sample are the same as [hose for 
the gaseourammonia mentioned in the previous ection. 
   The operations are as follows: Alter sufficiently evacuating the inside of the piezometer, any 
desired amount of liquid ammonia sample is introduced into the piezometer by distillation. Then. 
the valve (Vr) is dosed and the valve (Vs) is opened. The temperature of the oil thermostat is raised 
slowly from room temperature to the desired temperature, while the vapor pressure of the sample and 
the oil pressure in the tubing of the pressure measurement system arc kept to be equal by handling the 
oil injector (E). 
   The temperature of the thermostat is kept constant at the desired value, then the piston is pushed 
very slowly into the cylinder and [he sample i; compressed. The volumes of the compressed liquid 
ammonia in any piston-positions can be obtained to read the readings of the depth gage. 
   The pressures of the sample are measured by the pressure balance (D) through the pressure 
difference detector at the same time. Finishing the compression process, the volume. and the pressure 
relation in the expansion process is measured in the similar manner mentioned ahm•e by pulling the 
piston out. In these processes, it was assumed that the temperature of [he sample reached in equili-
brium with [he temperature of the thermostat when the pressure of the sample became constant within 
the change of O.Olatm. 
   Both mea<ured values of the pressure at [he same volume in the compresion and the expansion 
processes always agreed well within O.OI atm which was the experimental error in the pressure mea-
surements. Finally, [he sample is introduced into the low pressure system of glass and its amount is 
measured by the same operation as the measurement for gaseous ammonia. 
   Precision on the measurement: The volumesof the piezometer correlative with the piston stroke 
were determined at50 and !00`C using 99.99% purenitrogen by the same operationasfor the constant. 
volume methods. 
    The inter- and extrapolated values were used for the volumes a[ other temperatures. It resulted 
that they could be taken as the linear functions of the piston stroke within the error of O.IYS up to 
SOOatm. The errors for other measurement variables were the same as for the cases of gaseous ammonia. 
It is believed that the compressibility factor of liquid ammonia vould 6e obtained experimentally by 
this apparatus and operation within the error of 0.2^6 in maximum, calculated from the above errors 
which were accompanied a~it6 the measured pressure, volume and temperature values. 
   s For the compressibility (actor of nitrogen a[ Sp and l00'C, the values by our precious work°> were 
       used for [be pressure ranges up to IOOatm .and the values by Jlichels^~» were used above )ODatm. 
       respectively.
The Review of Physical Chemistry of Japan Vol. 43 No. 1 (1973)
8 K. Date
 Parity of ammonia 
   Commercial ammonia was purified by repealed distillation and dehydrated by metallic sodium. 
It was used for the sample ammonia in [his study. The amount of the invert gases in it was determined 
to be less than 0.04 o by gas adsorbing analysis. It is believed that the sample is sufficiently more than 
99.9% in purity.
Results and Discussions
  Gaseous ammonia 
   The P-V-T relations of gaseous ammonia were measured at 25, 50, 75, 100 and 125`C up to the 
neighborhood ofeach saturated vapor pressure. The smoothed values of [he compressibility factor of 
ammonia were obtained graphically from a lot of the experimental data. They are shown in Tables 
1 and 2, vs. pressure and density respectively. All of the deviations between the experimental nd 
smoothed values are less than 0.1/. 
   There are not so many experimental works for the P-RT relations of gaseous ammonia reported 
by other workers. The data given by 1Neyers and Jessupal (-35 to 300'C, SSS to 1300cc/g, 0.865 
to 2g.378atm) and by Beanie and Laurencesl (50 to 32SC, 20 to 95cc/g, 14.37 to 130.40atm) can be 
taken for the comparison with these results in the ranges of these experimental pressure and tempera-
ture conditions. And, also, the compressibility factor of gaseous ammonia had been measured pcepara-
tively in this laboratory in the ranges of 25 to 125`C and up to 45 atm 6y the variable volume 
method using the glass-piezometer and mercury-pistonsl. The data of this work were compared with 
the above three previous data. 
   They are shown in Table 3 in terms of the compressibility factor and the deviations from those of 
Chis work at each pressure and temperature. I[ is shown that the data given by ~feyers and Beanie 
agree tvith [hose of this work with the deviations of about 0.2% through their almost whole ranges of 
the experimental conditions excepting with the deviations of 0.4 to 0.5% in the neighborhood f the 
saturated vapor pressures at 25 and 75°C, and that the data of our previous work are in fair agreement 
with those of this work at each pressure and temperature escept in the neighborhood f [he saturated 
vapor pressures at 50 and 75`C. The facts that the d ata of our previous work had considerablly smaller 
valuesthan of this work and of Beattie and Laurence in the neighborhoods of the saturated vapor 
pressures at 50 and i 5`C, can be understood as follows: the previous measurements were made by the 
method which was to measure optically or electrically the volume of sample ammonia compressed by 
mercury piston into the glass-piezometer. Approaching near to the saturated vapor presures, it was 
afraid [hat the sample ammonia might be caught partly into the mercury becoming fine mists. There-
fore, it is considered that the previous values were measured too small in these pressure ranges at 50 
and 75°C.
S) C. H. Meyers and R. S. Jessup, ReJrig. Eng.. 11, 343 (1921) 
9) J. A. Beattie and C. K. Laurence, J. dm. Cdem. Soc., 52..6 (1930)
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   It was tried to develop the experimental compressibility factor Z of gaseous ammonia in this work 
in the power series of density 1 /V and pressure P respectively at each temperature. The results were 
obtained as shown in Table 4, from the calculation by the least squares method. 
   The Z values calculated by the use of the coefficients given in Table 4agreed with [he experimental 
Z values with the average deviation not exceeding 0.155 approximately up to the saturated vapor
Table i Compressibility factor of gaseous ammonia
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   The coefficients B in Table 4 can be regarded asthe experimental second virial coefficients. They 
were c9mpared with the second virial mefficientsgiven by Keyesto> and the theoretically calculated 
ones with the assumption f some adequate potential function on the intermolecular fo ce of ammonia. 
   B (cc/g)= 2.4-(2310/7) exp (7.744 x 10'/7") for the second virial coefficient B of ammonia had 
been presented byKeyes. This is the experimental equation obtained by correlating the experimental 
P-V-T data of Meyers and Jessup with those of Beanie and Lawrence. For the theoretical calculation 
of [he second virial coefficient, it was assumed that the intermolecular fo ce of ammonia might be 
represented by the Stockmayer potential function. The. parameters in the function were taken as 
follows:. ro=2.60A, bo=(2 Nro'/3)=22.12 cc/mot, :/k=320K and p=1.47 debyes. Then, using the
10) P. G. Keyes; 1. .4.n. Chem. Soc., 6Q.176t (1938)
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2 0.985fi 0.985fi 0.00 0.9848 -0 .08
4 0.9704 0.9709 0.00 0.9690 -O .14
6 0.9544 0.9544 0:00 0.9528 -Oa i
8 0.9372 0.93 i 2 0.00 0:935fi -O .l i
10 0.9188 0.9188 0:00 0.9179 -0.10
12 D_8993 0.8993 0.00 0.8999 O.Ofi
l4 0.8 193 O.8 i8i -O .D7 O.S805 O.13 0.8801 0.13
Ifi 0.8192 D.SiSi -0 .47 0.860fi 0.16
IB 0.8381 O Sl_7I -135 0.8395 0.12












































relatioasof S=boB*(T*,t~k),T*=kT/e, t*=(8)-1/=t1*zand ;r*=tt/(eres)riz, the secondvirial coeffi-
cients B at each temperature T were obtained by the use of [he table of the reduced second virial 
coefficient B*given by Hirschfelder tal.lt). The results have been represented graphically inFig. S. 
It shows that the values by Keyes and the theoretically calculated values have the deciatioas ofabout 
5 and 10% respectively from the values of this work at each temperature.
 Llqufd ammonia 
   The P-L'-T relations of liquid ammonia were measured at 2i, 50, 75, 100 and 125'C from each 
saturated vapor pressure to SOOa[m. The smoothed values of the compressibility factor and of the 
   11) J. O. Hirschfelder, C. E Curtiss and R. B. Bird. "Molecular Theory of Gases and Liquids:" John 
      Wiley aad Soas, New York(1954)
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          Deviation-(Zou,,,: ~~.tar-Zerrsen. Mort)/Ze,~u. wm 
specific volume were obtained graphically plotting a lot of the experimental data. They are shown in 
Tables 5 and 7, respectively. 
   All of the deviations between the experimental and the smoothed values are less than 0.136. The 
saturated vapor pressures shown in these tables were measured to be constant within the maximum 
fluctuation of 0,05 atm at each temperature. Table 6 shows the comparison of the saturated vapor 
pressures given by this work, by Beanie and Laurencesl and by International Critical Tablesl2l. It
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Table 4 Experimental viria] coefficients of gaseous ammonia
13
Z- l+B(I/V)+C(1/V)Z+D(1 /V)3





2i -0.2708 0.1272 -D.339fi 0 to D.45 O.li 0.24
50 -0.2172 0.0628 - O.OSSfi 0 to 17.90 D.09 0.17
75 -0 .1568 -o .ooogD 0 to 1.75 0.19 0.44
100 -0.1361 O.OOi21 0 to 3.00 0.10 0.33
125 -0.1150 0.004770 0 to 6.00 0.10 0.20
I/V; (mol/n
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shows that they have agreed very nearly with one another at 25, 50 and 75°C but [here have been 
slight differences to one another at 100 and 125°C. 
   Another experimental work has been reported only by Keyes~> for the P-V-T relations of liquid 
   12) "International Critical Tables", III, 234, 235, McGraw-Hill, New York (192g) 
   13) F. G. Keyes. !, Am. them, Soc., 53, 965 (1931)
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~ These are at saturated vapor pressures. 
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ammonia i¢ these pressure and temperature ranges. In Table 7, the data by Keyes have been presented 
is terms of the specific volume at even pressures. to be compared with those of this work. Keyes had 
presented the smoothed PI' values of ammonia in the rages of 0 to 2l0'C and 100 [0 1,IOOatm in his 
report based on his experimental data. 
   It has been noted by hfm [hathis PV values were assured within an error of 0.25%. But they have 
some considerable irregularities, especially in the ranges of 0 to 30'C and 100 to 200 atm. Regarding 
this fact, it has been also poi¢ted out by Davist41, the reviewer, that there Lave been some unreason-
able values in Keyes' data. 
   As shown in Table 7, Reyes' values are about 0.3 to 0.4% lower than those of this work at pres-
sures of above 200atm and at every temperature. Moreover, they are about I% lower tha¢ tbose of 
this work a[ pressures of IOO atm and at temperatures of 50, 75 and 100-C, 
   Ia addition, the specific volumes of liquid ammonia at saturated vapor pressures Lave been 
obtainedby extrapolating the experimental data down to [he saturated vapor pressure at eacL tempera-
   14) P. Davis, "TLermod.mamic Functions of Gases". I, 66, ButteraorthsSci. Publ:. London (1956)
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9.98 28.34s 28.1ia -0.32




IW 27.9fia 27.91 -D.17 29.141 29.46 -0 .93
250 2 i.7fin 29.44,
200 17.575 27.65 0.23 29.171 19.01 -0.55
250 27.40n 28.922
300 2 i.22a 27.13 -0 .23 28.680 28.60 -031
400 26.902 26.93 -a .u 20.24, 28.12 -0 .42
300 26,60n 26.67 - 0.23 27.82s 11.82 -0.00
* These are the values in International Critical Tables. 
Deviation-(Vx.~ya-Vrs~m x..rt)/Vereoeo. w.at 


































































tore. They have been represented in Table i together with the values given by International Critical 
Tablesl2>. There have been tittle differences of 0.32 and 0.174; between both their values at 25 and 
50`C respectively, but they have agreed well within the experimental error of this work at 75, 100 
and 121 C. 
   The specific volumes of ammonia of this work ha~•e been represented graphically in Fig. 6 plotting 
them vs. temperature at even pressures. It is shown that they increase together with the increase of 
temperature and this tendency is more conspicuous with decreasing pressure.






















































Fig.6 Specific volume us. temperature 
      curves of ]iquid ammonia 
      -Q-: Isohars shove saturated 
             vapor pressures 
       --0--: Saturated line
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